The paper reports the results of numerical studies on the generation of heavy ions from a sub-micrometre gold target irradiated by a high-energy (60 J) high-intensity (~ 2 x 10 20 W/cm 2 ) sub-ps laser pulse. The properties of the heavy ion beam produced from a 0.5-um gold target with and without hydrogen contaminants are investigated using a multi-dimensional (2D3V) particle-in-cell code. It was found that in the case of the pure (without the contaminants) target, the ion beam contains over 20 ion species with a charge state > 30 and a total number of high-energy (> 20 MeV) ions reaching values well above 10 12 . The ion energy spectrum is broad, with maximum energies > 1 GeV and mean energies > 100 MeV. At a distance ~ 1 mm from the target, the intensity of the ion beam is ~ 10 15 W/cm 2 , the ion fluence reaches ~ 10 16 ions/cm 2 , and the ion pulse duration is ~ 100 ps. The contaminants significantly reduce the ion beam parameters and both the mean ion energy and the intensity and fluence of the ion beam generated from the contaminated gold target are almost an order of magnitude lower than those produced from the pure target. Heavy ion beams with the parameters obtained in the case of the pure gold target are barely achievable in conventional RF-driven accelerators, so they can open the door to new areas of research, in particular in high energy-density physics.
In this paper, the properties of a heavy (Au) ion beam produced by a high-energy (60 J) subpicosecond laser pulse from a sub-micrometre gold target with and without hydrogen contaminants are numerically investigated using a multi-dimensional (2D3V) particle-in-cell PICDOM code [26] . It was shown that, in the case of a pure (without contaminants) gold target, the laser pulse can produce more than 10 12 gold ions with a mean energy > 100 MeV and a maximum energy > 1 GeV. At a distance from the target equal to ~ 1 mm, the intensity of the ion beam is ~ 10 15 W/cm 2 , the ion fluence reaches ~ 10 16 ions/cm 2 , and the ion pulse duration is ~ 100 ps. The contaminants significantly reduce the ion beam parameters; in particular, the mean ion energy and the intensity and fluence of the ion beam generated from the contaminated gold target are almost an order of magnitude lower than those produced from the pure target.
The numerical code and the laser and target parameters
The numerical investigation of the acceleration of heavy gold (Au) ions by a high-energy (60J) sub-ps laser pulse was performed using a fully electromagnetic, relativistic multidimensional (2D3V) particle-in-cell PICDOM code that includes in particular an "on-line" calculation of the ionisation level of the accelerated ions and target atoms [25, [27] [28] [29] , as well as the radiation losses due to synchrotron radiation produced by high-energy relativistic electrons [30, 31] . The Ammasov-Delone-Krainov [32, 33] formula was used to describe the ionisation process, and the Sokolov model [34] was used to describe the radiation losses. In the simulations, a thin 0.5 µm gold target was irradiated by a linearly polarised 500fs, high energy (60J) laser pulse with parameters easily achievable currently at European laser facilities such as VULCAN PW or PHELIX [1, 2] . The laser pulse shape in time and space (along the y-axis) was described by a super-Gaussian function with a power index equal to 6, the laser wavelength was equal to 1.05 µm and the laser beam width was assumed to be 10 µm (these parameters correspond to a laser pulse peak intensity equal to 2.4*10 20 W/cm 2 ). The targets with and without a 40 nm-thick layer of hydrogen (H) contaminants situated at the back of the target were investigated. The target's transverse size was equal to 30 µm and the gold atom density corresponded to a density of solid state, equal to 5.90*10 22 1/cm 3 . The density of hydrogen atoms was equal to 7.905*10 22 1/cm 3 (the value corresponds to the density of hydrogen atoms in polyethylene). Pre-plasma with a density scale length of 0.25 µm and a density shape described by an exponential function was placed in front of the target. The simulations were performed in the x,y space of dimensions 100 x 41 µm 2 . The space steps were equal to 26 nm for a pure gold target and 8 nm for a target with contaminants, respectively, and the time step was 4.44 attoseconds. The number of ion macro-particles was assumed to be 100 Au particles/cell for the pure target, 64 Au particles/cell and 120 H particles/cell for the target with contaminants.
Results and discussion
In this paper, various characteristics of the produced heavy ion beams and the influence of hydrogen contaminants on the ion acceleration process are presented. The properties of heavy ion beams produced from a pure gold target are shown in sub-section 3.1, while the effect of hydrogen contaminants on the heavy ion beams parameters is discussed in sub-section 3.2.
Properties of a heavy ion beam produced from a pure gold target
The 2D spatial distribution of the density of Au ions (a) and electrons (b), as well as the electric field in the plasma along the laser beam axis Ex (the field directly accelerating the ions) (c) and the ionisation level of ions (d) at the late stage of ion acceleration (simulation time t=800 fs) are presented in Fig. 1 . It is visible that the velocity spectrum of ions is wide and the source of ion beam is much larger than the laser focal spot, which suggests the domination of the target normal sheath acceleration (TNSA) mechanism [8, 9] in the process of ion acceleration. Furthermore, we can observe that the distribution of the ionisation level in the ion beam is not homogenous, with the ions of the lower ionisation level dominating at the front of the beam. For a better understanding of the acceleration process, the spatial profiles of the ion and electron densities and the electric field of the accelerating ions (Ex) at the early and late stages of acceleration were prepared ( Fig. 2) . At the early stage, both the TNSA and the radiation pressure acceleration (RPA) mechanisms [8, 9] contribute to the ion acceleration process, though most of the ions are accelerated by TNSA. At the late stage, the Coulomb explosion [8, 18] also contributes to the process of acceleration and significantly enhance ion acceleration both in a forward and backward direction. This explosion is caused by a high charge of heavy gold ions, which is hard for electrons to screen.
The target is ionised by the laser and the TNSA field, as well as by the strong local electric field generated inside the target by hot electrons partially separated from ions. At the early stage of acceleration the target is ionised mainly close to the front and back surfaces, by the laser and TNSA fields. The influence of the "inside target" ionisation increases with time and plays a dominant role in the final stage of ionisation process. In effect, the target is ionised mostly by the strong local electric field generated inside the target. The ionisation spectrum of gold ions at the end of the ionisation process is presented in Figure 3 . It extends from z = 32 to z = 54 with the distinct peak at z = 51 (Nilike ions). The observed peaks in the spectrum correspond to the energy gaps in the ionisation energy spectrum of gold [35] . The acceleration process of ions significantly depends on its charge state (z/A ratio). The energy spectra of gold ions in various charge states (a) as well as the dependence of the mean and maximum ion energy as a function of the ion charge state (b) are presented in figure 4. Ions with different ionisation levels have essentially different energy spectra. In particular, the energy spectra of ions with z = 43 and z = 33 have a clearly non-Maxwellian shape, while the energy spectrum of ions with z = 51 is quasi-Maxwellian. Both the mean and the maximum ion energies depend substantially on the ion charge state. Unexpectedly, the mean energy of ions decreases with increasing z, while the highest maximum ion energy is observed at z = 43. The mean ion energies cover the range from 34 MeV to 200 MeV, while the maximum ion energy reaches values even above 1GeV. However, the number of ions with such high energies is very low. Additionally, Figure 4c presents the total energy of gold ions and the laser-to-ions energy conversion efficiency as a function of the ion charge state. It is visible that most of the ion beam energy is stored in Au +51 ions, which form a distinct peak in the ionisation spectrum shown in Figure 3 . The observed dependence of mean ion energy on ionization level could be explained by strength and type of the field acting on ions of different ionisation level. The ions of lower ionisation level are accelerated by the TNSA field during the first part of the acceleration process. In effect, they leave the area of target and strong field, and the process of ionisation is stopped. In opposite most of particles with lower velocities remain closer to their original position and are ionised by "inside target" field. However the complicated structure of the electric field in this region, especially in the late stage of acceleration, leads to the non-effective acceleration process in part of ions and lower mean ion energy. The difference in the energy spectra also could be explain by the above mentioned effect. Only ions of enough high velocity could leave the area of the target during ionisation process. The rest of the ions remain close to their origin position and are ionised to the higher level. For this reason a clearly non-Maxwellian shape of the energy spectra for low-z types of ions are observed. From the point of view of the potential applications of ion beams, parameters such as the ion beam intensity, the temporal shape, the fluence or the total number of accelerated ions are important. Figure 5 presents the temporal shape of gold ion beam generated from the investigated target and recorder at a short distance (a, ld = 10 µm) and a long distance (b, ld = 1 mm) behind the target. In addition, the ion pulse shapes for ions in selected charge states are also shown in Figure 5a . The transverse size of the beam was calculated assuming an angular divergence of the ion beam equal to 10 degrees (recorded in the simulation) and the size of the ion source was equal to the transverse size of the target. Furthermore, the correction resulting from the three-dimensionality of the beam (3D correction) was taken into account. The ion pulse shapes are similar for two considered positions of the detector, while the ion pulse duration increases nearly linearly with the distance from the target (from ~ 1 ps to ~ 100 ps) due to the ion velocity dispersion. The ion pulse intensity decreases quickly with distance, and at a distance of 1 mm from the target it is more than 3 orders of magnitude lower than at the ion source. Both the ion velocity dispersion and the ion beam angular divergence are the reason for the observed rapid decrease in pulse intensity. However, even at relatively long distance from the target (~ mm), the ion pulse intensity is very high (~ 10 15 W/cm 2 ), several orders of magnitude higher than achieved in RF-driven heavy ion accelerators. Table 1 shows the values of ion fluence for different ranges of ion energy at a distance of 10 m and 1 mm from the target, while the number of gold ions for different ranges of ion energy for ions generated in a forward direction are presented in Table 2 . The number of high-energy (> 20 MeV) ions reaches values well above 10 12 ions/shot, and the ion fluence at a distance of 1 mm is equal to ~ 10 16 ions/cm 2 (much higher than in RF-driven heavy ion accelerators).
fluence Fi , 10 16 Table 2 . The number of gold ions for different ranges of ion energy for ions generated in a forward direction.
The effect of hydrogen contaminants on the heavy ion beam parameters
The light atom contaminants naturally present at the surfaces of the targets could have an important influence on the process of heavy ion acceleration [25, 27] . For this reason, a comparison of results from the simulations performed for the pure gold target (see the previous sub-section) and the gold target with a 40 nm thick layer of hydrogen contaminants was performed. Figure 6 presents the spatial profiles of the ion density, the electron density and the electric field accelerating ions, Ex , along the laser beam axis at the early stages of ion acceleration and for the target without (a) and with (b) contaminants. It can be seen that the presence of contaminants reduces the strength of the TNSA field by a factor of ~ 4. In addition, the peak of this field is detached from the front part of the gold ion beam. This effect could be explain by the screening of the TNSA field by protons accelerated from contaminants. Furthermore, the strong local electric field generated inside the target by hot electrons partially separated from ions is significant reduced. TNSA and "inside target" fields several times lower acting on ions leads to huge changes in the process of target ionisation and the final ionisation spectrum of the gold ions (Figure 7) . The presence of contaminants significantly reduces the ionisation level of the accelerated gold ions: the mean ionisation level is reduced from around 50 to around 25-30. The reduction in the accelerating field and the ionisation level have a dramatic negative impact on the final energy of the accelerated gold ions. Figure 8 presents the mean (a) and maximum (b) ion energy as a function of time for the target without and with contaminants. It can be seen that, at the end of the simulation, the mean ion energy for the target with contaminants is 7 times smaller than for the target without contaminants. The maximum ion energies are similar for both investigated cases. The observed decrease in the mean energy of gold ions has a significant influence on other parameters of the gold ion beam, such as the beam intensity, temporal shape of the beam or ion fluence. The temporal shape of the gold ion beam (a) and the ion fluence (b) for forward-generated high energy (> 20 MeV) gold ions as a function of time for both types of investigated cases are presented in Figure 9 . We can see that the duration and intensity of the gold ion pulse for the target with contaminants are several times smaller than for the target without contaminants (Fig. 9a ), while the ion fluence is even more than an order of magnitude lower for the target with contaminants ( Fig. 9b ). To conclude, hydrogen contaminants have a significant negative influence on the process of heavy ion acceleration, and considerably reduce almost all of the parameters of the heavy ion beam. 
Conclusions
The paper reports the results of numerical studies on the acceleration of heavy (Au) ions from a 0.5-µm gold target irradiated by a sub-PW sub-ps laser pulse with parameters easily achievable currently at European laser facilities such as VULCAN PW or PHELIX.
It has been found that, for a pure (without contaminants) target, the ionisation spectrum extends from z = 32 to z = 54, with a distinct peak at z = 51, and that most of the energy of the ion beam is stored in Au +51 ions. The ions in different charge states have essentially different energy spectra. In particular, the energy spectrum of ions with z = 43 have a clearly non-Maxwellian shape and mean ion energy equal to 200 MeV, while the energy spectrum of ions with z = 51 is quasi-Maxwellian, with mean ion energy equal to 34 MeV. At a distance ~ 1 mm from the target, the intensity of the ion beam is very high ( ~ 10 15 W/cm 2 ), the ion fluence reaches ~ 10 16 ions/cm 2 , and the duration of the ion pulse is ~ 100 ps. Furthermore, the number of high-energy (> 20 MeV) ions reaches values well above 10 12 ions/shot. Heavy ion beams with such parameters are barely achievable in currently operating RFdriven accelerators, so they can open the door to new areas of research, in particular in high energydensity physics.
Hydrogen contaminants have a significant influence on the process of heavy ion acceleration. In particular, the presence of the contaminants decreased the ionisation level of accelerated ions and reduced ion beam parameters such as the mean ion energy, the ion beam intensity and the beam fluence by about an order of magnitude. For this reason, the decontamination of heavy ion targets before starting the laser driver-target interaction is of crucial importance.
The thickness of the pre-plasma layer (laser pulse contrast ratio) can also have a significant impact on the parameters of the generated heavy ion beam. Because the laser pulse interacts mainly with this layer, changing its thickness will affect not only the RPA mechanism of ion acceleration, dominant at the front of the target, but also the amount and temperature of hot electrons generated by the laser, and thus the efficiency of the TNSA mechanism and the value of the electric field inside the target. Obtaining high ion beam parameters therefore requires careful control of pre-plasma parameters.
